Abstract. To determine the thermal contribution, independent of ultraviolet radiation, on the inactivation of Cryptosporidium parvum during solar water disinfection procedures (SODIS), oocysts were exposed for 4, 8, and 12 hours to temperatures recorded in polyethylene terephthalate bottles in previous SODIS studies carried out under field conditions. Inclusion/exclusion of the fluorogenic vital dye propidium iodide, spontaneous excystation, and infectivity studies were used to determine the inactivation of oocysts. There was a significant increase in the percentage of oocysts that took up propidium iodide and in the number of oocysts that excysted spontaneously. There was also a significant decrease in the intensity of infection elicited in suckling mice at the end of all exposure times. The results of the study demonstrate the importance of temperature in the inactivation of C. parvum oocysts during application of SODIS under natural conditions.
INTRODUCTION
Protozoan parasites of the genus Cryptosporidium , members of the Phylum Apicomplexa, affect a wide variety of vertebrate hosts. In humans, Cryptosporidium hominis (anthro ponotic origin) and C. parvum (zoonotic origin) are responsible in most areas for more than 90% of cases of cryptosporidiosis, a diarrheal disease in which progression and severity are closely linked to the immune status of infected persons. 1, 2 Cryptosporidia are transmitted as infective oocysts, either directly by the fecal-oral route or indirectly by ingestion of contaminated food and water. Cryptosporidium oocysts are prevalent in surface waters, extremely resistant to commonly used disinfectants, and generally survive for several months in aquatic environments. Cryptosporidium is recognized as a major human waterborne pathogen worldwide. 3 In developing countries where the availability of clean drinking water is highly unpredictable for a variety of reasons, the solar water disinfection (SODIS) process is a simple, inexpensive option (because sunlight is freely available) for reducing infant morbidity and mortality associated with waterborne pathogens. 4, 5 The SODIS method involves storing microbiologically contaminated drinking water in transparent containers such as bags or plastic bottles and placing them in direct sunlight for periods of up to 8 hours before consumption. 6 The biocidal effect of sunlight is caused by optical and thermal processes, and a strongly synergistic effect occurs between the two processes when the temperature exceeds 45°C. 7, 8 In the past 15 years, numerous studies have been carried out under natural and simulated sunlight to evaluate the efficacy of SODIS procedures against a large number of hydric pathogens. [9] [10] [11] [12] [13] [14] [15] [16] Cryptosporidium parvum has been demonstrated to be sensitive to this process, 17, 18 and a rapid inactivation of the oocysts in tap water in an experiment conducted on days with different levels of solar insolation (up to 90% inactivation within the first hour) was reported. 19 Much of the published research has focused on the role that solar ultraviolet radiation (UV) plays in solar disinfection of drinking water contaminated with C. parvum oocysts.
However, the thermal contribution has not been fully investigated. Taking into account the high temperatures recorded in turbid water samples contained in ordinary transparent polyethylene terephthalate (PET) bottles placed in direct sunlight during SODIS procedures to inactivate Cryptosporidium , 20 in the present study, we focused on the thermal contribution of incident solar radiation in the inactivation of C. parvum oocysts.
MATERIALS AND METHODS
Cryptosporidium parvum . Cryptosporidium oocysts were collected from a naturally infected neonatal Friesian-Holstein calf by rectal sampling. Concentration (phosphate-buffered saline [PBS; pH 7.2]/diethyl ether), purification (discontinuous cesium chloride gradients), and quantification (Neubauer hemocytometer) were performed as reported. 21, 22 Oocysts were classified as C. parvum by analysis of a fragment of the Cryptosporidium oocyst wall protein gene.
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Experimental design. In previous field studies carried out at the Plataforma Solar de Almería in Spain, PET bottles containing turbid waters contaminated with purified oocysts of C. parvum were exposed to full sunlight on the roof of the laboratory for 4, 8, and 12 hours during the daily period of maximum intensity of solar irradiation. The water temperature inside the bottles was measured each hour with a thermometer (model HI 98509-1; Hanna Instruments, S.L., Eibar, Spain) and different temperature profiles were obtained for water turbidity levels of 0, 5, 100 and 300 nephelometric turbidity units and exposure times of 4, 8, and 12 hours. 20 The average temperature profile registered for water of different levels of turbidity was simulated in the laboratory in a dry block heat bath fitted with a lid to protect the samples from UV light (Uniequip GmbH, Dresden, Germany). Distilled water (1 mL) and 2 × 10 6 purified C. parvum oocysts were placed in microcentrifuge tubes (1.5 mL). The tubes were maintained at room temperature (18-20°C) for one hour before exposure to the different temperatures for 4, 8, and 12 hours. The temperature was adjusted every 30 minutes in accordance with the average temperature profiles under consideration ( Figure 1 ). After incubation, each sample was centrifuged (10,000 × g for 5 minutes), the supernatant (0.5 mL) was aspirated, and the sediment was resuspended. In the four-hour exposure test, the percentage of spontaneous excystation and inclusion/exclusion of the fluorogenic vital dye propidium iodide was determined every hour, whereas for exposure times of 8 and 12 hours, these parameters were evaluated every two hours, in accordance with the protocols described below.
Spontaneous excystation. Aliquots of 10 µL of the samples were viewed under phase contrast microscopy (400 × magnification) with an Olympus BH2 microscope (Olympus Optical Co., Ltd., Tokyo, Japan), and the percentage of excystation was calculated. 24 The proportions of totally excysted (empty), partially excysted, and intact oocysts were identified and enumerated in triplicate. A total of 200-400 oocysts were counted for each enumeration, and the percentage of spontaneous excystation was calculated as follows: The number of oocysts present in the rest of the sediment was recounted in a Neubauer hemocytometer before use in the viability and infectivity assays, as described below. Viability assays. The viability of C. parvum oocysts was determined by inclusion/exclusion of propidium iodide (Sigma, Madrid, Spain), 25 and with a further modification that includes an immunofluorescence antibody test to verify oocyst identification. 26 Briefly, aliquots of 5 × 10 4 oocysts were suspended in 100 µL of Hanks' balanced salt solution (Sigma) and incubated with 10 µL of a working solution of propidium iodide (1 mg/mL in 0.1 M PBS, pH 7.2) at 37°C for 10 minutes. After staining with propidium iodide, oocysts were washed twice in PBS by centrifugation at 10,000 × g , at 4°C for 5 minutes and incubated with 20 µL of monoclonal antibodies labeled with fluorescein isothiocyanate (FITC) (Aqua-Glo G/C Direct; Waterborne, Inc., New Orleans, LA). Oocysts were first identified under an FITC filter (excitation at 450-480 nm, barrier at 515 nm) before being examined for inclusion/exclusion of propidium iodide under a propidium iodide filter (excitation at 510-550 nm, barrier at 590 nm). Proportions of propidium iodide-positive (dead) and propidium iodide-negative (viable) oocysts were quantified at 400× magnification by using an epifluorescence microscope equipped with Nomarski differential interference contrast and FITC and propidium iodide filters (Olympus AX70; Olympus Optical Co., Ltd.). Taking into account that only intact oocysts were considered in the assays involving inclusion/exclusion of propidium iodide and that totally or partially excysted oocysts are not viable, we calculated the global viability of the isolate as follows:
Global viability (%) = %Intact oocysts ´ %PI-negative oocysts 1 0 0
Infectivity assays. Litters of CD-1 Swiss mice (10-15 mice per litter, 3-4 days of age, weight = 2.5-3.0 g) were inoculated intragastrically with 0.1 mL of water containing 2.5 × 10 4 intact oocysts of C. parvum at the end of each exposure time (4, 8, and 12 hours). The mice were killed seven days later and the entire small and large intestines were removed and placed in 5 mL of PBS, pH 7.2. The intestines were then homogenized using an Ultra-Turrax ® T10 homogenizer (Ika-Werke GmbH and Co., KG, Staufen, Germany), and the oocysts were counted in a Neubauer hemacytometer. 27 Infectivity was defined as the percentage of infected mice per litter, and the intensity of infection as the number of oocysts per homogenized intestinal tissue.
Statistical analysis. Differences in excystation, inclusion of propidium iodide, and intensities of infection were compared by pairwise multiple comparison procedures (Student-Newman-Keuls method) and one-way ANOVA, with GraphPad Instat ® version 3.05 statistical software (GraphPad Software, La Jolla, CA). Differences were considered significant at a probability level of P < 0.05.
RESULTS
The overall viability of the C. parvum isolate used in the assays and calculated as described above was 88.1% ± 1.0% (mean ± SD) (intact oocysts = 92.7% ± 1.9%, propidium iodide-negative oocysts = 95.0% ± 1.2%). The infectivity obtained in the murine model was 100% and the mean intensity of infection was 4.6 ± 1.9 × 10 6 oocysts per homogenized intestinal tissue.
Percentages of spontaneous excystation, inclusion of propidium iodide, overall viability, and values of infectivity and intensity of infection obtained for C. parvum oocysts after exposure times of 4, 8, and 12 hours to the average temperature profile recorded in 1.5-liters PET bottles during SODIS procedures under natural sunlight are shown in Table 1 . There was a significant increase ( P < 0.0001) in the percentage of spontaneous excystation at 4, 8, and 12 hours compared with the initial isolate. There was also a significant increase ( P = 0.0003) in the percentage of oocysts that took up propidium iodide. The global viability therefore significantly decreased at the different exposure times ( P < 0.0001). The results obtained in the neonatal murine model reflected a decrease in oocyst infectivity and a significant decrease ( P < 0.0001) in the intensity of infection detected at the shortest exposure time (four hours).
The evolution of spontaneous excystation, inclusion of propidium iodide, and global viability in relation to the temperature profile tested at the different exposure times are shown in Figure 1 . The spontaneous excystation and inclusion of propidium iodide by C. parvum oocysts followed similar patterns throughout all assays. In the 4-hours exposure test, the temperature increased from 22.7°C to 45.7°C. Until an exposure time of three hours, the percentage of spontaneous excysted and the percentage propidium iodide-positive oocysts were similar to those obtained with the original isolate, whereas there was a significant increase ( P < 0.005) in both parameters, and therefore a significant decrease in the global viability ( P = 0.0002) at the end of the experiment.
The results obtained in the 8-and 12-hours exposure tests were not significantly different. There was a sharp significant decrease in global viability ( P < 0.0001) from 6 and 8 hours in the exposure tests of 8 and 12 hours, respectively, which coincided with the maximum temperatures reached in both tests (44.4°C and 43.8°C). The global viability of the oocyst isolate therefore decreased until the end of these tests by approximately 50%.
DISCUSSION
This is the first study that has evaluates the thermal contribution to the inactivation of C. parvum oocysts during SODIS procedures, independent of UV radiation, exposing contaminated water samples to temperatures known to be reached inside PET bottles in some regions where this method is used to disinfect drinking water. Exposure times of 4, 8, and 12 hours resulted in a significant reduction in the potential oocyst viability and a significant decrease in the intensity of infection determined in a neonatal murine model. In addition, in light of the results obtained, we can also state that continuous exposure for 12 hours to the temperatures tested did not have a significantly greater effect on viability and infectivity of the C. parvum oocysts than an exposure time of 8 hours.
Temperature is always considered a critical factor that determines the survival of Cryptosporidium oocysts in the environment. In a recent review of the effect of temperature on the die-off rate for C. parvum oocysts in water, soil, and feces, 28 the authors concluded that temperature may be the most lethal factor for Cryptosporidium in the environment. The studies included in this review were classified into those in which freezing conditions were tested, others in which temperature between 0°C and 37°C were assayed, and those in which temperatures greater than 45°C were used, with exposure times between one and several minutes for high temperatures 29 and weeks and even months for freezing and environmental temperatures. 30 The novel approach used in the present study was the experimental evaluation of the effect of the variations in temperature recorded in PET bottles during SODIS procedures under field conditions on the survival of Cryptosporidium .
In addition, the phenomenon of spontaneous excystation was also recorded, which is based on the fact that in a small percentage of C. parvum oocysts, the sporozoites may excyst when incubated at 37°C in the absence of any of the other major host signals, and therefore makes survival of the sporozoites impossible because they are outside the host environment. 31 In the present study, the temperature exceeded 37°C during approximately 2.5, 6, and 7 hours in the exposure tests of 4, 8, and 12 hours, respectively, and there was a significant increase in the percentages of spontaneous excystation with respect to the initial values. This large increase may be favored not only by the increased temperature, but also by the combination of long periods of exposure. This finding explains the similar percentages of excystation obtained at the end of the 8-and 12-hour tests, which were significantly higher than the percentage excystation observed in the 4-hour test ( Table 1 ) . In a previous study, 32 when C. parvum oocysts were exposed to temperatures between 37°C and 50°C maintained for different periods, a gradual increase in the percentage of spontaneous excystation in samples exposed to 40-48°C as the time of exposure increased was observed, and a maximum value of 53.8% of spontaneous excystation at a constant temperature of 46°C for 12 hours was obtained.
Conversely, in a study on the adaptation of Cryptosporidium oocysts to different conditions, temperature was found to be an important signal for excystation in C. muris but not in C. parvum , and the authors suggested that high temperature by itself does not induce efficient excystation of C. parvum oocysts because such a step would not be essential for intestinal species. 33 However, the results obtained in the present study, carried out with an isolate of C. parvum , demonstrate that high temperatures (greater than 40°C) stimulate the process of spontaneous excystation, with values of approximately 30% at the end of the 8-and 12-hour exposure tests.
The results of inclusion/exclusion of propidium iodide demonstrated that the percentage of oocysts that took up this dye (indicative of the integrity of the oocyst wall) was notably higher in the 8-and 12-hour exposure tests than the initial value (5.0%). The assay of the inclusion/exclusion of fluorogenic vital dyes is considered a simple method that can provide useful preliminary data on the effect of environmental pressures, such as temperature, on oocyst survival, although it is generally considered that the technique overestimates oocyst viability in comparison with an animal model and cell culture methods. 34 In the present study, the percentage of oocysts that did not take up propidium iodide, and therefore considered potentially viable, was slightly higher than the infectivity values determined in suckling mice.
Thus, although a significant reduction in oocyst infectivity was not achieved, a significant decrease in the intensity of infection in suckling mice has been observed for the shortest exposure time, perhaps because sporozoites lacked sufficient energy to invade cells. 35 The ability of Cryptosporidium oocysts to initiate infection is linked to finite carbohydrate energy reserves in the form of amylopectin, which is consumed in direct response to environmental temperatures. 36 Moreover, a close relationship between oocyst infectivity and ATP content was identified, and it was demonstrated that temperature inactivation at higher temperatures is a function of increased oocyst metabolic activity. 30 In conclusion, the present study demonstrates the important effect of temperature on the inactivation of C. parvum oocysts during SODIS procedures, independent of UV radiation, which also induces spontaneous excystation and therefore affects oocyst viability and infectivity. Consequently, we suggest that techniques used to measure excystation are not suitable for evaluating the potential viability of oocysts when they are exposed to temperatures greater than 37°C.
